The aim of this study was to systematically obtain a model of factors that would yield an optimized self-nanoemulsified capsule dosage form (SNCDF) of a highly lipophilic model compound, Coenzyme Q10 (CoQ). Independent variables such as amount of R-(+)-limonene (X 1 ), surfactant (X 2 ), and cosurfactant (X 3 ), were optimized using a 3-factor, 3-level Box-Behnken statistical design. The dependent variables selected were cumulative percentage of drug released after 5 minutes (Y 1 ) with constraints on drug release in 15 minutes (Y 2 ), turbidity (Y 3 ), particle size (Y 4 ), and zeta potential (Y 5 ). A mathematical relationship obtained, Y 1 = 78.503 + 6.058X 1 + 13.738X 2 + 5.986X 3 -25.831X 1 2 + 9.12X 1 X 2 -26.03 X 1 X 3 -38.67 X 2 2 +11.02X 2 X 3 -15.55 X 3 3 (r 2 = 0.97), explained the main and quadratic effects, and the interaction of factors that affected the drug release. Response surface methodology (RSM) predicted the levels of factors X 1 , X 2 , and X 3 (0.0344, 0.216, and 0.240, respectively), for a maximized response of Y 1 with constraints of >90% release on Y 2 . The observed and predicted values of Y 1 were in close agreement. In conclusion, the Box-Behnken experimental design allowed us to obtain SNCDF with rapid (>90%) drug release within 5 minutes with desirable properties of low turbidity and particle size.
INTRODUCTION
Many drugs, those currently available in the market and those under development, have poor aqueous solubility. This leads to poor dissolution and frequently results in variable bioavailabilities. Several approaches and formulation strategies designed to overcome this problem have been reported in the literature. 1,2 Self-emulsifying drug delivery systems (SEDDS) and self-nanoemulsified drug delivery systems (SNEDDS) are some of the most recent approaches. 1, 2 In this case, isotropic mixtures of oils, surfactant, and cosurfactant are used to solubilize the lipophilic drug. These SEDDS and SNEDDS have a tendency to form fine oil-in-water emulsions when introduced into an aqueous media subjected to mild agitation. 3, 4 After attaining these formulations, emulsions should exhibit predictable release profiles and stability of the liquid in capsule dosage form. Stability of emulsions is a major problem associated with SNEDDS liquid dosage forms, which include oils, surfactants, and cosurfactants. The present study deals with an optimization procedure for preparing a stable self-nanoemulsified capsule dosage form (SNCDF) of a highly lipophilic compound using the chiral essential oil component, R-(+)-limonene. Coenzyme Q10 (CoQ) was selected as a model drug for highly lipophilic compound with poor aqueous solubility and low oral bioavailability. 5, 6 R-(+)-limonene was selected based on prior experiments for determining the stability of CoQ in essential oil components. The main objective of the study was to statistically determine the levels of factors by screening the process variables that yield CoQ SNCDF with fast drug release within 5 min. Many statistical experimental designs have been recognized as useful techniques to optimize the process variables. Different types of screening designs, such as fractional factorial and Plackett-Burman screening designs, have been used for preformulation evaluations. [7] [8] [9] [10] Response surface methodology (RSM) is used when only a few significant factors are involved in optimization. Different types of RSM designs include 3-level factorial design, central composite design (CCD), 11, 12 BoxBehnken design, 13 and D-optimal design. 14 A modified central composite experimental design, Box-Behnken design, is an independent, rotatable or nearly rotatable quadratic design (contains no embedded factorial or fractional factorial design), in which the treatment combinations are at the midpoints of the edges of the process space and at the center. 15 Among all the RSM designs, Box-Behnken design requires fewer runs (15 runs) in a 3-factor experimental design. A 3-factor, 3-level design would require a total of 27 unique runs without any repetitions and a total of 30 runs with 3 repetitions. Hence, the Box-Behnken design was applied to optimize the CoQ SNCDF with constraints on the release of drug after 15 min. The independent variables for the present study were the following: amount of R-(+)-limonene (X 1 ), Cremophor EL (X 2 ), and Capmul GMO-50 (X 3 ). The dependent variables included drug release profile, turbidity, particle size, and zeta potential.
MATERIALS AND METHODS

Materials
CoQ was a generous gift from Kyowa Hakko (New York, NY). R-(+)-limonene was purchased from Sigma Aldrich (Milwaukee, WI). Cremophor EL (polyoxyl 35 castor oil) was obtained from BASF Corp (Mount Olive, NJ). Capmul GMO-50 (glyceryl mono oleate) was obtained from Abitec Corp (Janesville, WI). High-performance liquid chromatography (HPLC)-grade methanol and n-hexane were purchased from VWR Scientific (Minneapolis, MN). Hydroxypropyl methylcellulose (HPMC) capsules were supplied by Capsugel (Greenwood, SC). All the chemicals were used as received.
Box-Behnken Statistical Design for Optimization of CoQ Self-Nanoemulsified Capsule Dosage Form
Box-Behnken statistical screening design was used to optimize and evaluate main effects, interaction effects, and quadratic effects of the formulation ingredients on the in vitro performance of SNCDF. A 3-factor, 3-level design used is suitable for exploring quadratic response surfaces and constructing second-order polynomial models. This cubic design is given by a set of points at the midpoint of each edge of a multidimensional cube and a center point replicate. The nonlinear computer-generated (Statgraphics, Manugistics Inc, Rockville, MD) quadratic model is given as where Y is the measured response associated with each factor level combination; b 0 is an intercept; b 1 to b 33 are the regression coefficients; and X 1 , X 2 , and X 3 are the independent variables. 16 The dependent and independent variables selected are shown in Table 1 . These high, medium, and low levels were selected from the preliminary experimentation. The amounts of R-(+)-limonene (X 1 ), Cremophor EL (X 2 ), and Capmul GMO-50 (X 3 ) used to prepare each of the 15 formulations are given in Table 2 . CoQ was accurately weighed into a screw-capped glass vial and dissolved in R-(+)-limonene. The mixture was warmed in a water bath at 37°C. Cremophor EL and Capmul GMO-50 were added to the mix using a positive displacement pipette and stirred for 1 hour using a magnetic bar. Fifteen formulations with different concentrations of surfactant, cosurfactant, and R-(+)-limonene, each containing CoQ at a final loading of 30 mg, were filled into size 3 HPMC capsules. Filled capsules were stored at room temperature until used in subsequent studies.
In Vitro Evaluation of Designed Formulations of CoQ SNCDF
The designed formulations were evaluated by means of visual observations for spontaneity of emulsification, emulsion droplet size, zeta potential, turbidity, and dissolution profile of CoQ in each formulation.
Visual Observations for Spontaneity of Emulsification
To assess its self-emulsification properties, the CoQ SNCDF formulation in a 120-mg capsule corresponding to 30 mg of CoQ was introduced into 250 mL of prewarmed water in a glass Erlenmeyer flask at 25°C, and the contents were gently stirred manually. The tendency to spontaneously form a transparent emulsion was judged as good or bad based on the clarity of emulsion formed. 1, 17 Emulsion Droplet Size Analysis
The mean particle size diameter of the resultant nanoemulsions (triplicates) was determined by using a particle sizing system (Z380 PSS NiComp, Santa Barbara, CA). Samples, taken in a small glass tube (60 × 50 mm), were directly placed into the module, and the data were collected for 10 min. Particle size was calculated from the volume size distribution. All studies were repeated in duplicates for each sample from the above emulsion, with good agreement being found between the measurements.
Turbidity Measurements
Turbidity of the resultant emulsions given in nephlometric turbidity unit (NTU) was measured using an Orbeco-Hellige turbidimeter (model 966, Farmingdale, NY). The turbidimeter used in the study was carefully calibrated with formazin standards. Accuracy of the instrument is essential especially for small and diluted emulsions with high surfactant concentrations. Accuracy of the above turbidimeter was found to be approximately ±0.01 NTU with stray light less than or equal to 0.01 NTU.
Zeta Potential Measurement
The difference in potential between the surface of the electro-neutral region of the solution and the surface of tightly bound layer of ions on the particle is known as zeta potential. The zeta potential was measured by using a NiComp PSS ZW380 (Santa Barbara, CA). The nanoemulsions were taken in a cuvette, and the electrodes were attached and placed in the ZW380 for measurement. Each sample was analyzed in triplicate using automatic mode.
Dissolution Studies
In dissolution studies, the United States Pharmacopeia rotating paddle method was used. Dissolution profiles of the capsules filled with the self-emulsified formulations of CoQ in R-limonene were determined using rotating paddle apparatus (VK7000, VanKel, Cary, NC). The dissolution experiments in triplicate for each formulation were performed at 37°C ± 0.5°C, with a speed of rotation at 50 rpm in 900 mL of water.
Capsules were held to the bottom of the vessel using aluminum sinkers. Samples (3 mL) withdrawn after 5, 10, and 15 minutes were filtered and analyzed using HPLC method. Details of the HPLC method can be found elsewhere. 2 
HPLC Analysis
HPLC analysis of aqueous CoQ samples was performed by a method previously described by Nazzal et al. 2 Briefly, CoQ was analyzed using a C18, 3.9 × 150 mm reverse phase column (Nova-Pak; Waters, Milford, MA) at ambient temperature. The mobile phase composition was methanol:n-hexane (9:1), at a flow rate of 1.5 mL/minutes to elute CoQ at a wavelength of 275 nm. The samples were loaded into the autosampler (712 WISP, Waters) and analyzed using Waters HPLC instrument attached to a 510 pump and a 490E UV detector. The counts for area under the peak were determined using STAR 5.3 software (Varian, Walnut Creek, CA).
Optimization of Formulation Ingredients
After generating the polynomial equations relating the dependent and independent variables presented in Table 1 , the process was optimized for the response Y 1 . Optimization was performed to obtain the levels of X 1 , X 2 , and X 3 , which maximized Y 1 with constraints on Y 2 .
RESULTS AND DISCUSSION
The RSM using Box-Behnken screening design for 3 factors offers an advantage of fewer experimental runs (15 runs) as compared with that of central composite models, circumscribed (CCC) or inscribed (CCI), which require 20 runs. 12, 16, 18, 19 The independent and dependent variables for design-generated experimental runs are given in Tables 1 and  2 . The dissolution profile for the 15 formulations is presented in Figure 1 . Based on the experimental design generated by X-Stat (version 2.01, John Wiley and Sons, New York, NY), the factor combinations resulted in different responses. Table 2 indicates the effect of these factors on turbidity, particle size, and zeta potential of the 15 formulations. From these results, it can be concluded that all these formulations resulted in acceptable turbidity (<150 NTUs) and particle size range (< 150 nm) for nanoemulsions, and no particular pattern was found. Zeta potential indicates the stability of emulsions by measuring the difference in potential between the tightly bound layer of ions on the particle surface and the electro-neutral region of the solution. An absolute value, less than or greater than 25 mV is indicative of flocculated and deflocculated emulsions, respectively. 20 All the zeta potential values obtained are expressed in Table 2 , indicating that the formulations 1, 7, 9, 13, 14, and 15 might have aggregated droplets similar to flocculated systems. From Figure 1 and Table 2 it can be inferred that these 3 factors have a profound effect on the drug release profiles. Formulations numbered 1, 7, 9, 13, 14, and 15 showed higher drug release of >85% after 15 minutes of dissolution. However, the percentage of drug released after 5 minutes from formulations 1, 7, and 9 was <70%, and only formulations 13, 14, and 15 showed rapid drug release of >70% (Figure 1 ). In order to obtain a formulation having rapid drug release of >85% within 5 minutes, RSM optimization was used to determine the levels of these factors. Figure 1 . Dissolution profiles of CoQ SNCDF formulations that are listed in Table 2 . Y 1 , it can be concluded that the effect of Cremophor EL, and the ratio of R-(+)-limonene to Capmul GMO-50 have significant effects on the release profile formulation.
The relationship between the dependent and independent variables was further elucidated using response surface plots and contour plots. Also, the main effect of the independent variables on the dependent variables was further investigated using a pareto chart and interaction plot. Figures 4, 5, and 6 further explain the effect of X 1 , X 2 , and X 3 ratios on the response Y 1 . From the 3D plots, it is clear that the ratio of R-(+)-limonene and Capmul GMO-50 has a major effect on determining drug release within 5 minutes from formulations (Figure 4 ). This figure shows that at a lower concentration of R-(+)-limonene, the percentage dissolved increased with an increase in the concentration of Capmul GMO-50 (from 3.95% to 68.47%). However, at a higher concentration of R-(+)-limonene, the percentage dissolved from formulation decreased with an increase in Capmul GMO-50 concentration (57.84% to 18.21%). This finding can be explained by the fact that cosurfactant by itself does not emulsify the oil, rather the cosurfactant acts by enhancing the emulsifying capability of surfactants. Hence, optimum ratio of surfactant and cosurfactant is a key factor in achieving an emulsion. Figure 5 indicates that an optimum ratio of R-(+)-limonene and Cremophor EL is required to yield a formulation with higher percentage of drug release. As shown in Figure 5 , the surfactant showed minimal effect on the dissolution of formulation after 5 minutes when the concentration of R-(+)-limonene was low. However, at higher levels of R-(+)-limonene the percentage dissolved from formulation increased with an increase in the concentration of Cremophor EL (from 6% to 44.1%). This percentage can be further improved by the addition of cosurfactant, Capmul GMO-50, in the formulation.
The importance of a surfactant and cosurfactant ratio in an emulsion formulation and the drug release from emulsions is shown in Figure 6 . The figure indicates that sufficient concentration of cosurfactant is needed for maximal effect of surfactant on emulsification of lipophilic substance with solvent. Figure 7 is a representative contour plot, which further elucidates the effects of varying ratio of R-(+)-limonene and Cremophor EL with a fixed amount of Capmul GMO-50 on response Y 1 . Figure 7 illustrates that the emulsification of R-(+)-limonene increases as the concentration of Cremophor EL is increased. Maximum dissolution of the drug was found at limonene levels from -0.25 to 0.5 with lower levels of Cremophor EL from 0 to 0.5 as indicated by the central solid (black) portion of the plot.
Having studied the effect of independent variables on the responses, the levels of these factors were determined by using a computer optimization process, RSM. The predicted values of Y 1 and Y 2 were 81.6% and 95.9%, respectively, at X 1 , X 2 , and X 3 levels of 0.0344, 0.216, and 0.240, respectively. As a confirmation process, a fresh formulation of CoQ SNCDF was prepared with CoQ (30 mg), R-(+)-limonene (45 mg), Cremophor EL (38 mg), and Capmul GMO-50 (10 mg). The optimized levels of factors yielded a formulation with rapid drug release of >90% within 5 minutes and complete drug release within 15 minutes (Figure 8) . The observed and predicted values were in very close agreement. Further, the optimized formulation had turbidity value of 16.1 ± 1.08 NTUs, droplet size of 23.1 ± 2.11 nm, and zeta potential of 11.9 ± 1.83 mV.
CONCLUSION
Optimization of limonene-based CoQ SNCDF using RSM, Box-Behnken design, was performed. The ratio of independent variables, R-(+)-limonene, Cremophor EL, and Capmul GMO-50, showed a significant effect on the drug release characteristics of the formulation. The optimum ratio of these factors at 3 levels was chosen based on the quantitative effect and the polynomial equations generated by RSM. The optimized formulation prepared by using these predicted levels of factors provided desired observed responses forming nanoemulsions with >97% drug release in 5 min, and complete drug release within 15 minutes of dissolution.
